Green roofs are considered an attractive alternative to standard storm water management methods; however one of the primary issues hindering their proliferation is the lack of data regarding their ability to retain and reduce storm water under a variety of climatic conditions. This lack of data is partly due to the complexity of physical processes involved, namely the heterogeneous microscopic behavior that characterize flows in unsaturated porous media.
Such an anomalous behavior is difficult to predict a priori, especially in the presence of layered structures. This paper examines water infiltration of a green roof at the pore-scale with the aim to evaluate the effect of the porous microstructure in thin substrate layers. In such layers, the thickness of the medium and the particle size are within the same order of magnitude and the effect of the packing arrangement on the flow dynamics can be pronounced.
In this study, three packing arrangements and two different hydraulic heads, analogous to extreme rainfall events typical of Scandinavia, are investigated by means of direct numerical simulations based on the lattice Boltzmann 2. Materials and methods 135 2.1. Lattice Boltzmann method 136 The Lattice Boltzmann method solves the Boltzmann transport equation 137 which consists of a phase space discretized into a lattice mesh and is selected 138 for this work for several reasons. These reasons stem from the fact that 139 the method operates on the micro and mesoscale and therefore inherits the boundaries to be defined with simplicity using bounce-back condition on the 151 boundaries, negating the need for mesh refinement at the boundaries as re-152 quired in traditional CFD modeling. The second reason for the application 153 of this method lies in its innate ease for parallelization with regard to com-154 putation. Since the lattice mesh is defined in a grid pattern by definition the 155 computations can be distributed without loss of information, thus drastically 156 increasing the computational speed [19] . 157 In this work a 3-dimensional regular cubic lattice with 18 nodes on the 158 convex shell and a centroid, written as D3Q19, is used. The lattice Boltzmann code has been previously used for several different applications. For 160 a validation of the two-phase lattice Boltzmann algorithm, the reader is re-161 ferred to [20] . The solved equation is given as
where f r (x, t) is the distribution function at position x and time t along 163 the r-th direction; c r is the so-called discrete velocity vector along the r-th 
with g representing gravitational acceleration and u the fluid velocity. The
169
equilibrium distribution function f eq r (x, t) takes the form
where w r is the appropriate weighting parameter for the D3Q19 lattice; ρ 171 is the density; c s is the speed of sound; and u eq is the velocity used for 172 defining the equilibrium distribution functions, which can differ from the fluid 173 9 hydrodynamic velocity, on the basis of the specific forcing scheme used. In 174 the present work, we apply the Guo forcing formulation for implementing the 175 gravitational force whereas we make use of the Shan-Chen force for simulating 176 surface tension [22] . The macroscopic flow quantities density and velocity,
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(ρ, u) are thus related to the hydrodynamic moments as the following:
and the equilibrium velocity is formulated as: [23]
where F sc is the Shan-Chen gas-liquid interaction force. A detailed discussion properties in combination with the elastic collision force already present in 188 previous models. The inter-particle force gives rise in the system to a non-189 ideal equation of state:
where liquid and gas phases coexist at the thermodynamic equilibrium state.
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The Shan-Chen force is given by:
where G, valued −5.5 in this work, is the interaction strength between the 193 phases and Ψ(ρ) is a density-dependent pseudo potential function. Negative 194 values of G define an attractive force and positive values a repulsive force.
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The pseudo-potential function calculates effective mass locally:
The effective mass approaches ρ itself when its value is low and obtains a . 213 We perform a validation of two-phase Poiseuille flow between parallel 214 plates using the methodology described in detail by Yang and Boek [27] .
215
The results are compared to the analytical solution in Reza and Martin [28] 216 in Figure 1 and the agreement is found to be very high. as an analogue to soil for this study so as to remove influence of particle 225 inhomogeneities. These inhomogeneities include shape, orientation, surface 226 roughness and hydrophilicity. These factors are neglected for this study in 227 order to remove as much uncertainty as possible when analyzing the effect 228 of particle packing on infiltration however in reality they contribute to the 229 infiltration dynamics to a variable degree.
230
Three distinct packed beds of randomly packed homogeneous spherical 231 particles of varying particle diameter are used for this study. A reference 232 particle diameter was selected based upon a desired porosity and pore size 233 reflecting the properties of lightweight expanded clay aggregate (LECA) [29] .
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This reference particle diameter d was converted from the given pore radius 
where e is a model parameter valued 8/3, w is the cementation exponent 238 valued 1.5 for spherical particles and ex is the experimentally determined 239 porosity. The reference particle diameter is slightly varied to generate the 240 other two particle diameters as listed in Table 1 .
241
The height of the packed bed H is determined by the representative vol-242 13 ume requirement for the porous medium with particle sizes as previously 243 defined. The particle diameter is chosen as a characteristic length as it deter-244 mines the pore microstructure within the porous region. A new parameter φ 245 representing the packing effect of the particles on the microstructure is given
This quantity will be used to define the three different cases of packing ar-248 rangements and is one of the two primary parameters in this study. The 249 values of φ are listed in Table 1 . is generated for each domain by calculating each node's distance from the 262 particle centers and defining the node accordingly. The information for the 263 3 domains is given in Table 1 and an example is plotted in Figure 2 . Here 264 is the porosity calculated over the domain for each case. To facilitate the evaluation of appropriate spatial resolution 4 grids are 273 generated for φ = 6.7 with a varying number of lattice nodes in the vertical 274 (NH) and horizontal (NL) directions, the details of which are presented in Table 2 . A grid resolution test is undertaken using the generated grids. This 
where K is the permeability, U z is the mean vertical velocity, µ g is the gas 280 dynamic viscosity, ρ g is the gas density, and g is gravitational acceleration.
281
The permeability is evaluated only on the inner 2/3 of the geometry in the is computed at a fixed characteristic gas capillary number Ca g = ρ g gd 2 /γ, 289 where γ is the surface tension used in the multiphase simulations. The pore size analysis for the domains considered in this work shows the 297 mean pore sizes range 0.25-0.35 mm which corresponds to approximately 4-6 298 lattice units with the resolution defined by Grid 3 (see Figure 4 ). This is con- In Figure 3 , saturation Sat is plotted as a function of dimensionless time 348 for Bo = 8.92, 3.96. The dimensionless time is defined as
The saturation Sat is calculated by summing the liquid nodes in the porous depending on the pore radius and the gravitational force.
371
When we consider the liquid penetration into a porous complex structure, 372 the physical description is more complicated, given the intricate pore network 373 that the liquid is forced to follow during imbibition. In some pores, slow 
In this formulation the diffusive coefficient is determined by the hydraulic the porous medium that is not heavily dependent upon the flow itself but 398 rather the porous microstructure. We will discuss in the next subsection 399 this result by categorizing the different geometries by their microstructure.
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Interestingly, it can be also noted that the infiltration rate appears to decrease surface is reached and the porosity decreases rapidly. It is clear from Figure   413 4 the change in porosity is heavily correlated to the position relative to the 414 particle packing itself. We also observe that the maximum saturation values 415 showed in Figure 3 are connected with the change in porosity. In fact, these (21)
The mean pore diameter and standard error are plotted in Figure 5 as a 440 function of distance from the porous medium base, measured in particle 441 diameters, exactly as in Figure 4 . The standard error is computed as
where s is the sample standard deviation and n is the sample size.
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There is a noticeable jump in the mean pore size for φ = 10.1 at a single is slightly less pronounced for φ = 6.7 however there is little to no jump 446 when φ = 5.1. It should be noted that the values taken from the base of the 447 medium are not shown as the mean pore sizes tend to infinity as porosity 448 becomes 1. This reaffirms the oscillation of planar porosity seen in Figure   449 4. If one looks at the standard errors for each particle sized there is a trend 450 from less variation in the smallest particle size to higher variation for the 451 largest particle size, meaning the distribution of pore sizes is wider for the between pore sizes and infiltration homogeneity it is highly likely the pore 485 sizes themselves have a high impact on the infiltration dynamics. This is due 486 to the energy required to fill the pores. This phenomena can be investigated 487 by analyzing the liquid-gas interfacial area for each particle size. The overall oscillation in interfacial area is indicative of liquid buildup at 495 pore throat and subsequent sporadic jumping patterns of pore saturation.
496
The φ = 5.1 case displays small fluctuation amplitudes, suggesting slower 497 infiltration in time. 
where p l , p g , p c are the liquid, gas and capillary pressure, respectively; V l , V f , V tot 508 are the liquid, total void, and total volume; and A lg is the liquid-gas inter- Thus to further evaluate this formalized requirement we plot in Figure 9 524 the interfacial area as a function of saturation for all cases. In Figure 9 for extreme conditions where the benefit of a green roof is maximized. It is 573 also possible to layer different particle thicknesses so as to create a substrate 574 that is designed to perform optimally under variable conditions. ical blocking effect at the surface however this simply reduces the quantity 586 of surface water for infiltration. In addition, root networks will disturb the 587 soil matrix and contribute to small channels throughout the medium where 588 liquid can flow more easily. These channels may contribute to areas in the 589 substrate where liquid will not reach as frequently and will be more hy-590 drophobic. From a larger time scale the impact of evapotranspiration must 591 be considered, however this process primarily affects the detention capacity 592 of a green roof as it removes trapped water from the smallest pores rather 593 33 than the liquid able to infiltrate and drain out of the soil. Most green roof 594 constructions also include a drainage layer directly beneath the root barrier 595 layer and growth substrate layer. This means that at the base of the growth 596 substrate the packing will resemble the physics where wall impacts will be 597 significant. By applying the results presented here one can design the lowest 598 particle layers in contact with the root barrier (wall) to facilitate the transfer 599 of water from the growth substrate to the drainage layer. By combining the 600 purely mechanical processes such as those studied in this work with the con-601 tribution from evapotranspiration we can generate a more accurate picture 602 for designers that captures many factors critical to the performance of green 603 roofs over singular rainfall events and over the longer term. 
Conclusion
In this paper we have explored the effect of the microstructure on liquid 
